The crucial pathfinding decision of RGC axons at the OC has major functional consequences since it determines the proportion of RGCs that project ipsilaterally, 
). presses Zic2 and EphB1, which are required for RGCs to project ipsilaterally. Our results define a genetic hierDouble labeling using BrdU to detect proliferating cells and immunostaining for Isl2 shows that only postarchy that regulates the magnitude and source of ipsilateral retinal projections, forming the basis for binocular mitotic RGCs express Isl2. A single BrdU injection was given between E10.5 and E15.5; embryos were analyzed vision. In addition, our findings indicate that the retina is comprised of two genetically unique domains that 1-2 hr later. Isl2 immunopositive cells are not detected at E10.5 to E12.5, but a high density of cells is labeled reflect and determine the laterality of their projections to the brain.
with BrdU (data not shown). Following a BrdU injection on E13.5 to E15.5, BrdU-labeled cells are localized deep in retina and Isl2-positive cells are preferentially found Results in the nascent RGC layer in outer retina and are not labeled with BrdU ( Figure 1F ).
Isl2 Is Selectively Expressed by a Subpopulation of RGCs
To study the axonal projections of Isl2 RGCs, we localized a tau-␤-galactosidase (tau-␤-gal) marker in Isl2 LGN, we were able to determine quantitatively the mag- injections label a large contralateral projection to the LGN ( Figure 7A ) and a small ipsilateral projection (Figures 7AЈ and 7A″) . In Isl2 mutants, RGC axons are re- (Figures 5A and 5AЈ ). Isl2 expression in the RGC layer of the VTC increases at E15.5 (Figures 5B and 5BЈ ) and stricted to their normal pathways and targets, and a large contralateral projection to the LGN is observed E17.5 ( Figures 5C and 5CЈ) . Herrera et al. (2003) report that Zic2-positive cells are first detected in small num-( Figure 7B and data not shown). However, the ipsilateral projection to the LGN is substantially increased in Isl2 bers in the VTC at E14.5, peak in number around E16.5, and are reduced in number by E18.5. Thus, onset of Isl2 mutants relative to wt (Figures 7BЈ and 7B″) . We carried out two independent quantitative meaexpression is similar to that of Zic2 and is appropriate to control pathfinding decisions by RGC axons at the OC.
surements of the ipsilateral projection to the LGN in wt and Isl2-null littermates: a "pixel intensity" analysis and If Isl2 functions in laterality decisions by repressing Zic2 and EphB1, we would expect that Isl2 is expressed a "signal threshold" analysis (see Experimental Procedures); each show that Isl2-null mice have a significantly in a subpopulation of RGCs distinct from those that express Zic2 and EphB1, whereas Zic2-and EphB1-increased ipsilateral projection. For the pixel intensity analysis, we measured the density of anterograde labelexpressing RGCs likely overlap. To address these issues, we performed immunostaining in wild-type (wt) ing of the ipsilateral projection to the LGN by quantifying the total pixel intensity corrected for background signal and Isl2-null retina at E15.5, E16.5, and E17.5, using antibodies specific for Isl2 (Thaler et We also performed a signal-threshold analysis of the at P0 shows that no RGCs are double labeled in either wt or Isl2-null retinas (data not shown), indicating that proportion of pixels above background. We used the full range of factors to define a pixel as "signal," from individual RGCs project only ipsilaterally or contralaterally. a minimum value to define signal, i.e., 2ϫ above background, to a maximum value of 5ϫ above background, Quantification of retrograde labeling of ipsilaterally projecting RGCs was done on the subset of cases that at which the percentage of pixels that exceeds the threshold for signal approached 0 in wt. Regardless had a similar size and placement of SC injections (Figures 8B and 8C ) and labeling density in the contralateral of the factor used, the mean signal for Isl2 mutants is significantly greater than that for wt ( Figure 7D ; for all retina. Two distinct quantitative analyses were done on wholemount retinas from five wt and five Isl2-null P0 factors p Ͻ 0.05). In summary, two independent quantitative measurements show that the ipsilateral projection mice: an automated pixel intensity threshold analysis to determine the amount of retrograde labeling by quantifyis significantly increased in Isl2 mutants, indicating that Isl2 has a role in specifying the laterality of RGC projecing the number of pixels above a background threshold level of labeling intensity (see Experimental Procedures) tions. and manual counts of retrogradely labeled RGCs. The mean for pixel intensity threshold analyses of the contraSignificantly More RGCs Project Ipsilaterally in Isl2-Null Mice but Remain Restricted to the VTC lateral retinas of wt and Isl2 mutants was within 2% (difference not significant). In contrast, the mean number Because Isl2 RGCs are found across the entire retina, it is possible that the increased ipsilateral projection in of pixels above threshold in the VTC of retinas ipsilateral to the SC injections in Isl2 nulls (3542 Ϯ 886) is signifithe Isl2 mutants is due to an abnormal contribution from RGCs outside the VTC. To determine the distribution cantly increased (p Ͻ 0.05) by 122% compared to wt (1593 Ϯ 162) ( Figure 8F) . Similarly, the number of retroand number of RGCs that contribute to the ipsilateral projection in Isl2-null mice compared to wt, we retrogradely labeled RGCs in the VTC of Isl2 nulls (1028 Ϯ 153) is significantly increased (p Ͻ 0.05) by 80% comgradely labeled RGCs by injections of DiI made unilaterally into anterior SC in P0 wt and Isl2-null littermates pared to wt (571 Ϯ 103) ( Figure 8G ). These findings show that the increased ipsilateral projection in Isl2 mutants (Figures 8A-8C) . Analyses of retinal wholemounts show a high density of retrogradely labeled RGCs throughout originates from a significantly greater number of RGCs, but that they are limited to the VTC, as in wt. the contralateral retina in both wt and Isl2 mutants, except the VTC, which has a lower density (data not shown). In retina ipsilateral to the injected SC, retro-VTC of Isl2-Null Retina Has Increased Expression of Zic2 and EphB1 and Significantly gradely labeled RGCs are almost exclusively restricted to the VTC in both wt (n ϭ 17) and Isl2 mutants (n ϭ 17)
More Zic2 RGCs Our findings suggest that Isl2 represses an ipsilateral (Figures 8D and 8E) . Double retrograde labeling using fluorescein and rhodamine beads injected into each SC axon pathfinding program that involves Zic2 and EphB1. (Figures 8D and 8E ). This latter finding suggests that the VTC is a genetically distinct part of retina and that retina is comprised of two unique domains, the VTC and the rest of retina. In wt retina at E15.5 and E17.5, Zic2 expression is colocalize in a subset of RGCs distinct from Isl2 RGCs and that the onset of Isl2 expression is similar to that of confined to the VTC (Figures 9A and 9AЈ) . In Isl2-null littermates, Zic2 expression is also confined to the VTC Zic2. Our analyses of Isl2-null mice reveal a substantially increased ipsilateral projection, arising from signifibut is at a higher level than in wt (Figures 9B and 9BЈ) . In wt at E15.5 and E17.5, EphB1 exhibits a moderate cantly more RGCs limited to the VTC ( Figure 10A ). Con- In the VTC, only ipsilaterally projecting RGCs are generated at E11.5 and E12.5. Between E13.5 and E16.5, both ipsilaterally projecting and contralaterally projecting RGCs are generated in the VTC, whereas only contralaterally projecting RGCs are generated in the rest of retina (Drager, 1985) . VTC RGCs generated on E11.5 and E12.5 must be Isl2 negative since they only project ipsilaterally. In contrast, RGCs born between E13.5 and E16.5 should be a mix of Isl2-positive RGCs and Zic2-positive RGCs because they project contralaterally and ipsilaterally, respectively. Therefore, based on the time of arrival of growth cones at the OC, the onset of Isl2 expression, and the report that only later generated RGCs in the VTC project contralaterally, the increased ipsilateral projection in Isl2-null mice must be due to a change in the laterality of the pathfinding decision of later generated RGCs in the VTC that are Isl2 positive in wt mice.
Discussion

Isl2 Selectively Marks Contralaterally Projecting
Mouse Retina Is Comprised of Two Distinct Domains that Relate to Roles for Isl2 and Zic2 in Controlling RGC Laterality
Findings relating RGC birthdates to their laterality and the expression patterns of Isl2 and Zic2 suggest a model in which retina is comprised of two distinct domains of RGCs, an ipsilateral domain, i.e., the VTC, with a default mechanism to project ipsilaterally, and a contralateral domain comprised of the rest of retina that has a default mechanism to project contralaterally ( Figure 10C ). At E11.5 and E12.5, retina can be subdivided into two distinct domains based on differences in the generation of RGCs that will later project only ipsilaterally, the VTC, but our findings show that it is not required since RGCs 
